Adsorption on granular activated carbon (GAC) is a promising step to extend existing treatment trains in municipal wastewater treatment plants (WWTPs) and, thus, to reduce the concentration of micropollutants (MPs) (e.g. pharmaceuticals) in wastewater. It is common practice to use characteristic numbers when choosing GAC for a specific application. In this study, characteristic numbers were correlated for five different GACs, with measured adsorption capacities of these carbons for three pharmaceutical MPs (carbamazepine, diclofenac and sulfamethoxazole) and dissolved organic carbon of a WWTP effluent. The adsorption capacities were measured using rapid small scale column tests. Density of GAC showed the highest correlation to adsorption of MP. All other characteristic numbers (iodine number, Brunauer-Emmett-Teller (BET) surface and methylene blue titre) are not suitable markers for choosing an appropriate activated carbon product for the elimination of MPs from municipal wastewater.
INTRODUCTION
In recent years, authorities have begun to understand how dangerous emerging organic micropollutants (MPs) such as pharmaceuticals are in the water cycle. Effluents of municipal wastewater treatment plants (WWTPs) are a major source of MPs for receiving aquatic environments. Besides dosing of powdered activated carbon (PAC) and ozonation (Boehler et al. ; Margot et al. ) , application of granular activated carbon (GAC) is a promising technology to improve existing WWTPs by reducing the concentration of MP (Benstoem et al. ) .
GAC raw materials and the process of activation itself, which takes place in activation kilns, determine the anticipated adsorption capacity. By choosing a specific raw material (e.g. a specific coal mine) and by defining parameters of the activation process itself (e.g. contact time, temperature, amount of steam as activating agent), engineers can tailor certain GAC qualities for a desired adsorption process (Sontheimer et al. ) .
When using GAC for adsorption of MP, one has to choose from a broad variety of GAC available on the market. Usually the type of raw material or the specifications of the activation process are considered as a business secret of the manufacturer. Since it is usually too expensive to test the GAC for the adsorption of the MP in question with an original wastewater matrix, characteristic numbers are commonly used to estimate the expected adsorption capacity (Worch ) . These numbers can be determined easily, but an acceptable correlation to the removal of MPs in the effluent of WWTPs has to be determined.
PAC jar tests have shown that iodine number, nitrobenzene number and the Brunauer-Emmett-Teller (BET) surface cannot predict the adsorption of carbamazepine (CBZ), diclofenac (DCF) and sulfamethoxazole (SMX) from WWTP effluent (Zietzschmann et al. a) . However, GACs have not been tested in this context yet.
When testing the adsorption capacity of GAC (e.g. for MPs) usually filters have to be operated in technical or large scale. By plotting the specific throughput [m 3 watertreated =kg GAC ] of the filter against the normalized concentration c/c 0 [À] of a specific MP, a breakthrough curve is obtained. To get an appropriate breakthrough curve, usually several months ordepending on the GAC, the filtration velocity, the GAC bed height, the water matrix and the specific MPsometimes years of operation have to be performed (Benstöm et al. a, b) .
To avoid long and therefore cost intensive operation of filters, rapid small scale column tests (RSSCTs) can be carried out to investigate the adsorption of MPs (Knappe et al. ; Corwin & Summers ) . By reducing the diameter of the GAC used in the RSSCT, the filter velocity can be increased without changing the shape of the obtained breakthrough curve. Thereby RSSCT can usually be performed within days with a minimum amount of effort, GAC and water (Crittenden et al. ) .
In this study, the adsorption capacities of five GACs for three pharmaceuticals, which are detectable worldwide as MPs in WWTP effluents (Luo et al. ) , and dissolved organic carbon (DOC) in a WWTP effluent were tested using RSSCTs. Correlations between the adsorption capacities and commonly used characteristic numbers were performed in order to find a suitable marker for choosing the most promising GAC.
MATERIAL AND METHODS
Five GACs (Table 1) were used to carry out RSSCTs with an effluent of a municipal WWTP. All GACs are commonly used for wastewater treatment. The tapped bulk density ρ B was determined according to DIN EN  (). Therefore, 500 mL of GAC samples were placed in a 1,000 mL measuring cylinder using a funnel. The cylinder was tapped on a rubberized support until no further compaction of the sample could be seen. More GAC was added until even after ongoing compaction the volume that could be read on the cylinder's graduation was exactly 500 mL. The tapped bulk density was then calculated by weighing the GAC. The density in the filter bed ρ F is lower than the measured bulk density due to the stratification of the particles during backwash (Sontheimer et al. ) . The expected density within the filter bed (named: 'density' within this article) was then calculated by Equation (1) (NSTM . ).
The dimensioning of the RSSCTs was done according to Crittenden et al. () . For any of the five GACs, one RSSCT column was run using the same batch of water. The specifications of the RSSCTs and the GAC filter at technical scale, which was simulated by applying this certain RSSCT model with constant diffusivity (CD model), are given in Table 2 .
The water used for the experiments was taken as one batch (2,000 L) from the effluent of a WWTP (>1,000,000 population equivalent) after the secondary clarifier in Cologne, Germany, during dry weather conditions. It was filtered through a glass-fiber filter cartridge with a nominal pore size of 1 μm (9GV001-1, Putsch) to remove residual suspended solids from the water to prevent instantaneous pressure build-up in the RSSCTs. The DOC was measured from the samples taken from the RSSCTs using a Dimatoc 2000 (Dimatec). Samples taken from the RSSCT for the analysis of MPs were enriched by solid phase extraction (SPE) with an Auto Trace SPE Work Station (Thermo Fisher Scientific). SPE was conducted using 60 mg HLB-SPE cartridges (Waters). A solution of 0.5 mL methanol and water was used to obtain the extract from the SPE. Measurements of the extracts were carried out with an LTQ Orbitrap LC/MS system (Thermo Fisher Scientific) using a Hypersil Gold 165 Phenyl Column (Thermo Electron) with an injection volume of 10 μL. The RSSCTs were operated for approximately 30,000 bed volumes [m 3 watertreated =m 3 GAC ]. Samples were taken from the influent (c 0 ) and from the effluent (c) of any of the five RSSCT columns. For DOC, c 0 (mean: 7.90 mg/L) and c were both measured 12 times during operation; c 0 of the three MP was measured five times (mean c 0 ¼ CBZ: 750 ng/L, DCF: 2,278 ng/L and SMX: 486 ng/L), while c was measured eight times during operation. Due to limitations concerning the budget and the costly measurements of MPs in real wastewater (without spiking) needing an enrichment step with SPE, RSSCTs could only be performed once. The conducted RSSCTs provide consistent breakthrough curves.
Measurements taken for the DOC and the MPs were taken approximately evenly distributed over the runtime of the RSSCT. Having the same number of measurements for the influent and effluent of the DOC, normalized concentrations (c/c 0 ) were calculated using corresponding samples. For calculating the normalized concentration of the MP, the mean value of the influent concentration was used for any effluent concentration.
By plotting c/c 0 versus the specific throughput [m 3 watertreated =kg GAC ], breakthrough curves for each column and any measured substance were obtained. For the correlation with the characteristic numbers, the specific throughput was linearly interpolated from the measured breakthrough curves using the previous and subsequent sampling point for the set boundary conditions c/c 0 ¼ 0.5 for DOC and c/c 0 ¼ 0.2 for the MPs.
RESULTS AND DISCUSSION
For all five GACs, the adsorption capacities for the three pharmaceutical MPs and the DOC were determined by evaluating the breakthrough curves obtained with the RSSCTs. The adsorption capacities were correlated to the characteristic numbers: density, iodine number, BET surface, and methylene blue titre.
In Figures 1-4 , breakthrough of DOC, CBZ, DCF and SMX is plotted against the specific throughput. The breakthrough curves exhibit a rather concave (DOC) or The breakthrough of the DOC occurs before the breakthrough of any of the measured MPs. Therefore it is not possible to trace their breakthrough by measuring the DOC. Obviously the measured MPs are a relatively good or moderate adsorbable, minor fraction of the DOC. Nevertheless, DCF and CBZ are two of the 12 MPs that can be used to monitor the elimination of MPs in Swiss WWTP (GSchVSchweiz ).
The RSSCT showed that GAC products with a brought range of adsorption capacities are available on the market for wastewater treatment. In the case of CBZ, that leads to a factor of 4.5 for the specific throughput (approximately 20 vs. 90 m 3 water treated/kgGAC) for the chosen boundary condition of c/c0 ¼ 0.2 ( Figure 5) .
The specific throughput until the boundary conditions were reached (adsorption capacity) was plotted against the characteristic numbers for each parameter (example for density in Figure 5 ). For the density, the coefficients of determination (R 2 ) range from 0.82 to 0.97. Compared to the R 2 of the other characteristic numbers (Table 3) , the density shows the best fit (R 2 of 0.91 with a low standard deviation of 0.06). The commonly used iodine number and BET surface show low R 2 (0.47 and 0.58). The methylene titreoften used to test the decolourization effectivity of carbonsdoes not show any correlation.
In practice (e.g. for preselection of GACs or quality checks when GAC is delivered) it is crucial to quickly estimate the adsorbance with a characteristic number of the GAC in question. The most commonly used characteristic numbersiodine number, BET surface and methylene blue titreproved to be unsuitable for estimating how well organic MPs can be eliminated from WWTP effluents (Table 3) . This study, carried out once with RSSCT (one column for each of the five GACs), demonstrated that density might be a reliable marker to choose GAC with the best adsorption capacity of MP in DOC-rich water matrixes: the GAC with the lowest density showed the best adsorption. Evidence that GACs with lower densities have superior adsorption characteristics in water solutions can already be found in historical literature.
Brown & Bemis (), for example, separated GAC made from bones according to the density of the particles. The particles with the lowest density showed the best decolorization. von Kienle & Bäder () recommend density measurements to determine the state of activation during production. In general, highly porous materials exhibit a very low density compared to the raw material before the pores are formed, given that the overall density results as a mean value of the raw material and the density of the air filling the pores.
Waer et al. () carried out regeneration experiments with a fluidized bed bench scale furnace and GAC made from bituminous coal. GAC was loaded with natural DOC in a reservoir water treatment plant and was reactivated. They found an increase of mesopore volume when loaded GAC (apparent density: 528 kg/m 3 ) was reactivated to the extent that the apparent density (AD) was lower than the AD of the virgin GAC (470 vs. 460 kg/m 3 ). Besides the increasing mesopore volume, DOC adsorption capacity increased by a factor of approximately 1.9 compared to the virgin GAC. Chae et al. () reactivated two GACs, made from bituminous coal and used for river water treatment, after operation times of one to five years. They used an ASAP 2020 Sorptometer (Micrometrics Instrument Corp.) to investigate the pore size distribution and the BET surface of the GACs using the adsorption-desorption isotherms of nitrogen and argon. Chae et al. () demonstrated that the iodine number and the BET surface of the reactivated GACs did not recover to the values of the virgin GACs, whilst the total pore volume increased after reactivation. The increase in the pore volume is mainly caused by a rise in the number of mesopores of 104% due to the reactivation compared to the virgin GAC. The reactivated GAC showed the same or a slightly better (10%) adsorption of DOC from river water compared to the virgin GAC. Therefore, the expected adsorption (here, DOC) does not necessarily depend on the iodine number and BET surface.
In Due to the strong competing adsorption that takes place in wastewaters with high DOC concentrations, GACs with a high content of mesopores are preferable. Mesopores support the transportation of larger molecules present in wastewaters and thus affects the kinetic of the adsorption process advantageously. Mesopores usually develop from micropores when the activation process is continued, and are therefore a measure of an extensive activation process. The density, which decreases during the activation process, while larger pores are formed might therefore be a good marker for GAC suitable for treating municipal wastewater as the experiments demonstrated. Nevertheless, it should be noted that measuring the density of GACs alone is not suitable to control the quality of a GAC when delivered, as density alone cannot reveal a possible contamination of the GAC with fractions that cannot contribute to adsorption (e.g. pumice fines, sand, inorganic solids).
CONCLUSIONS
Density of GACs showed the highest correlation (mean R 2 ¼ 0.91 ± 0.06) to adsorption of MPs. All other characteristic numbers (iodine number, BET surface and especially methylene blue titre) were not suitable markers for choosing an appropriate carbon product for the elimination of micopollutants from municipal wastewater in our studies with RSSCT.
GACs with lower densities, showing just physically a high content of larger pores/a high grade of activation are preferable for eliminating MPs from wastewater where strong competition for adsorption takes place.
Future investigations should be done with multiple replications with different wastewaters and GACsif possible at technical scaleto confirm our findings. Other characteristic numbers should be taken into account to find appropriate correlations between the adsorption of MPs from wastewater. Combination of these characteristic numbers and the densities may overcome the limitations of just choosing GAC by density (e.g. inorganic contamination).
